Spider dragline silk is a remarkably strong fiber that makes it attractive for numerous applications. Much has thus been done to make similar fibers by biomimic spinning of recombinant dragline silk proteins. However, success is limited in part due to the inability to successfully express native-sized recombinant silk proteins (250-320 kDa). Here we show that a 284.9 kDa recombinant protein of the spider Nephila clavipes is produced and spun into a fiber displaying mechanical properties comparable to those of the native silk. The native-sized protein, predominantly rich in glycine (44.9%), was favorably expressed in metabolically engineered Escherichia coli within which the glycyl-tRNA pool was elevated. We also found that the recombinant proteins of lower molecular weight versions yielded inferior fiber properties. The results provide insight into evolution of silk protein size related to mechanical performance, and also clarify why spinning lower molecular weight proteins does not recapitulate the properties of native fibers. Furthermore, the silk expression, purification, and spinning platform established here should be useful for sustainable production of natural quality dragline silk, potentially enabling broader applications.
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metabolic engineering | glycyl-tRNA | silk fiber | Nephila clavipes | spinning S pider dragline silk, used by spiders as the safety line and the web frame, is exceptionally strong and elastic; it is five times stronger by weight than steel, three times tougher than the top quality man-made fiber Kevlar (1, 2) . The dragline silk is primarily composed of two proteins, the major ampullate spidroins 1 (MaSp1) and 2 (MaSp2) (3, 4) . These spidroins are highly modular, each with a long repetitive sequence that is flanked on both sides by nonrepetitive amino-and carboxy-termini of approximately 100 amino acids (5) . The repetitive sequence is rich in glycine and alanine, and characterized by stretches of alanine that are interrupted by glycine-rich repeats (4) . The poly alanine regions form hydrophobic crystalline domains that are responsible for the high tensile strength, whereas the glycine-rich regions are hydrophilic and responsible for the links between crystalline domains as well as the elasticity of dragline fiber (6) .
Due to the unique mechanical properties, spider dragline silk has received much attention as a promising material for numerous industrial applications such as parachute cords, protective clothing, and composite materials in aircrafts. Also, many biomedical applications are envisioned due to its biocompatibility and biodegradability. For example, silk-based materials have been developed as sutures for wounds, coatings for biomedical implants, drug carriers for drug delivery, and scaffolds for cell culture and organ replacement (7) (8) (9) . Unfortunately, natural spider dragline silk cannot be conveniently obtained by farming spiders because they are highly territorial and aggressive. Thus, many attempts have been made to produce recombinant dragline silk proteins (10-13) followed by their spinning into artificial fibers (14) (15) (16) (17) . The fiber with best mechanical properties was derived from a 60 kDa recombinant protein of the spider Araneus diadematus (14) . The fiber exhibited toughness and modulus values comparable to those of native dragline silk but with 4.2-fold lower tenacity. It might be expected to explore the relation between recombinant protein size and fiber mechanical properties and obtain superior artificial fibers. However, spinning of larger recombinant proteins was not reported although a 140 protein was also expressed in the mammalian BHK cells but at a much lower level than that of the 60 kDa protein (14) .
The size of a recombinant dragline silk protein is hypothesized to be a key factor in controlling the mechanical properties of the spun fiber. First, from an evolutionary point of view, all the spiders studied have evolved natural dragline silk proteins having very high Mw in the range of 250-320 kDa (5, 18) . Second, given the fact that dragline silk proteins contain iterated peptide motifs (3, 6) , the larger proteins possess more repeating units than the smaller ones, allowing increased interchain and intrachain interactions. Finally, the smaller proteins result in more chain end defects in fibers, reducing mechanical properties (19) .
To test the hypothesis, the relationship between recombinant protein size and the mechanical properties of the spun fibers was examined in the present study. We report production of recombinant Nephila clavipes dragline silk proteins up to 284.9 kDa, spinning into fibers, and characterization of the mechanical properties (Fig. S1 ). Production of these recombinant proteins, which are extremely rich in glycine (43-45%), was greatly enhanced in the metabolically engineered expression host within which the glycyl-tRNA pool was elevated. The fibers spun with the native-sized recombinant spider silk protein showed tenacity, elongation, and Young's modulus of 508 MPa, 15%, and 21 GPa, respectively, comparable to those of native spider dragline silk. Lower Mw recombinant silk proteins did not yield similar material properties.
Results and Discussion
Expression of Silk Proteins of Different Sizes. To explore the relationship between protein size and mechanical properties of the spun fibers, recombinant major ampullate spidroin I (MaSp1) of the spider Nephila clavipes was used as a model. MaSp1, whose partial cDNA sequence has been sequenced (3), is the major protein component of the spider dragline silk (18) . To express recombinant silk proteins of different sizes, several gene constructs were generated containing varying numbers of the synthetic gene that encodes the iterated peptide motif of MaSp1 (Fig. 1A) . Multimerization of the synthetic gene was achieved through the "head-to-tail" strategy employing two compatible yet nonregenerable restriction enzyme sites (NheI and SpeI) (Fig. S1A ) (20) . By doing so, gene constructs for producing recombinant silk proteins having 32-96 repeats of the monomer could be developed. These recombinant proteins have predicted Mw of 100.7 to 284.9 kDa (Fig. 1B) , and the largest one has a similar size to that of natural MaSp1 found in the major ampullate silk gland of a spider (18) . However, the highly repetitive nature of the gene constructs, high GC content (∼70%) of the genes, and the glycine-rich characteristics of the silk proteins, make the proteins difficult to express.
Initially, the silk proteins were expressed in the host Escherichia coli BL21(DE3) by performing flask cultures in a complex medium. As the size of the recombinant proteins increased, the expression level (% total cellular proteins) sharply decreased ( Fig. 1C ). This might be attributed to lower gene dosage ( Fig. S2) , inefficient transcription or limitations of the translation machinery when expressing the larger proteins (11, 14, 21) .
Metabolic Engineering of E. coli for Improved Silk Protein Production.
To produce sufficient amounts of recombinant spider silk proteins of varying sizes, metabolic engineering of the expression host was conducted. To identify relevant gene targets to be engineered, comparative proteomic analysis was carried out to understand how silk expression influences the synthesis of host cellular proteins (Fig. S3 ). Many stress response proteins were found to be upregulated, suggesting that silk protein expression caused stress to the host cell (Table S1 ). Importantly, the glycine biosynthetic enzyme, serine hydroxymethyltransferase (GlyA), and the β subunit (GlyS) of glycyl-tRNA synthetase were upregulated ( Fig. 1D) , suggesting an increased cellular demand for glycyltRNA upon expression of the glycine-rich silk proteins (SI Text).
To elevate the glycyl-tRNA pool for more efficient silk protein synthesis, possible strategies include overexpression of glycyltRNA synthetase and elevating metabolic pools of tRNA Gly and glycine (Fig. 1E ). An increase in the gene dosage of glycyltRNA synthetase did not further enhance silk production in our preliminary study. This indicated that self-upregulation of the glycyl-tRNA synthetase upon recombinant spider silk expression, as revealed by the proteomic analysis, was sufficient. Then, we elevated the tRNA Gly pool. Analysis of the silk genes revealed there are two dominant glycine codons, GGU and GGC. Therefore, the genes encoding the tRNAs that recognize GGU and GGC, E. coli glyVXY, were overexpressed in a compatible plasmid. This plasmid enabled higher expression of the four larger proteins (48-to 96-mer) except the 32-mer protein (Fig. 2, compare lanes 1 and  2) . However, in all instances, elevating the tRNA Gly pool enhanced cell growth by 30-50% (Fig. S4) . Interestingly, the expression levels of the top two largest proteins (80-and 96-mer) were further increased by duplicating the glyVXY expression cassette (Fig. 2 , compare lanes 2 and 3), suggesting that further increase of tRNA Gly pool was beneficial for the production of high Mw spider silk proteins.
Having been able to enhance the silk protein production by increasing the tRNA Gly pool, several strategies were designed to elevate the glycine pool. These included addition of glycine to the culture medium, inactivation of glycine cleavage system, and glyA overexpression ( Fig. 1E and Fig. S5 ). The first two strategies were not desirable (see SI Text for further details). Thus, glyA overexpression was employed and found to enhance the expression levels of the top three largest proteins (Fig. 2, compare  lanes 1 and 4) . Finally, it was examined whether the beneficial effects of increasing the tRNA Gly pool and glycine pool can be synergistic. Indeed, the synergistic effects were observed on the expression levels of 64-mer (Fig. 2 , compare lanes 2, 4, and 5), 80-and 96-mer silk proteins (Fig. 2, compare lanes 3-5) . Collectively, systematic metabolic engineering of the host strain allowed ∼10 to 35-fold higher level production of the three largest recombinant silk proteins. Production and Purification of Different Sizes Silk Proteins. To further evaluate the applicability of the expression system, high cell density cultivation (HCDC) of the engineered strains was performed using a glucose mineral salts medium. In all instances, the strains could be grown to high cell densities (>42 g l −1 ) with maximal silk protein titres estimated in the range of 0.5 to 2.7 g l −1 (minimum estimates; see SI Text and Fig. S6 for the details) . Following production of the recombinant silk proteins, the next challenge is efficient purification. We focused on the purification of 96-mer silk protein because of its largest size and the best mechanical properties of the spun fiber (see results below). Cells collected from 1 L of HCDC broth were lysed and the cell lysate was acid precipitated (Fig. 3A) . Most of the acid precipitates were host cell proteins (Fig. S7A, lane 2) ; the recombinant spider silk protein was soluble under the acidic condition because it was highly positively charged, as revealed by the protein charge analysis (Fig. S7B) . Fractional ammonium sulphate precipitation further enriched and purified the target silk protein (Fig. S7A, compare  lanes 3 and 5) . Subsequent solubilization, dialysis and freeze drying yielded 1.2 g of the protein with a purity of ∼90% (Fig. S7A,  lane 7) . This simple chromatography-free method was used to purify other recombinant silk proteins with similar purities. All the purified proteins were confirmed by western blot (Fig. 3B) , ruling out the possible involvement of protein truncation during silk protein production (14) or purification (18) .
Relationship Between Protein Size and Fiber Mechanical Properties.
For a broader size range analysis, the 54.6 kDa 16-mer protein was also included. Because fiber properties depend partially on spinning and drawing conditions (14) , the recombinant silk proteins of different sizes (54.6-284.9 kDa) were spun and drawn under the same experimental conditions. The silk proteins were dissolved in hexafluoroisopropanol (HFIP), a commonly used spinning solvent (15, 22) , and spun at a spider silk protein concentration of 20% (w∕v), which was the maximum operational concentration for the native-sized 96-mer protein due to the solubility and viscosity (see also SI Text and Fig. S8 for the results obtained with different concentrations of smaller proteins). Upon spinning, each of the fibers was hand-drawn to 5 times the original length. It is known that the mechanical properties of a fiber are best described by the shape of a stress-strain curve when the fiber is stretched (2) . The maximum height of the stress-strain curve is called tenacity, which is a measure of the amount of stress that a fiber can take before being torn apart. The furthest horizontal extent of the stress-strain curve is breaking strain, representing the extensibility of the fiber. The ratio of stress to strain is Young's modulus, which is derived from the slope of the curve as a measure of the fiber's stiffness. The stress-strain curves for the silk fibers are shown (Fig. 3C) . The mechanical properties including breaking strain, tenacity and Young's modulus of the fibers improved with increasing silk protein Mw (Fig. 3  D-F) . The 96-mer fiber exhibited the tenacity of 508 AE 108 MPa and elongation of 15 AE 5%, which are comparable with the values reported for native N. clavipes dragline silk (740-1,200 MPa; 18-27%) (23) (24) (25) . Notably, Young's modulus of the 96-mer fiber was 21 AE 4 GPa, twice that of the native dragline silk (11-14 GPa) (24, 25) . Previously, a 60 kDa recombinant dragline silk protein of the spider Araneus diadematus was spun into a fiber displaying respectable material properties (14) . However, the average tenacity (ca. 260 MPa) was 4.2-fold lower than that of the native silk (1,100 MPa) (10), possibly due to the small size of the recombinant protein. In the present study, the tenacity of the 96-mer fiber (508 AE 108 MPa) is the highest ever reported for recombinant spider silk proteins.
Scanning electron microscopy analysis of fiber surface revealed fibrillar structure in all the fibers (Fig. 4A) . This morphology has also been observed for native spider dragline silk (26) and fibers spun from regenerated dragline silk (27) . Analysis of fractured fibers showed many irregular voids in the 16-and 32-mer fibers, whereas these defects were absent in the 64-and 96-mer fibers (Fig. 4B) . One possible explanation is that higher molecular weight leads to fewer chain ends and thus fewer defects in the fibers formed. Furthermore, microfilaments having a diameter of ∼0.2 μm were assembled to form hierarchical structures in the 64-mer fiber; such structure was much denser in the 96-mer fiber (Fig. 4C) . Collectively, the formation of more organized structures by larger silk proteins seems to allow improved mechanical properties of the fibers. Further studies are needed to elucidate the detailed molecular level mechanisms behind this characteristic.
In general, the mechanical properties of a polymer rise as the molecular weight increases, but eventually level off with further increase (28) . It is likely that there exists a molecular weight threshold required to yield the remarkable mechanical properties of the spider silk as well. Here, we explored the possibility of producing the native-sized spider silk protein, and found that the fiber spun from this recombinant protein gave the native silklike mechanical properties. To explore whether higher molecular weight recombinant silk protein results in superior material properties, the same strategy was employed for the production of the 128-mer (377.0 kDa) silk protein, which is 32% longer than the native-sized 96-mer protein. It was notable that the ultra high molecular weight recombinant silk protein could be produced by E. coli (Fig. S5) . Following purification, however, this 128-mer silk protein was found to be accompanied with putative truncated forms of the target protein (Fig. S7) , possibly resulting from the limitation of E. coli translational machinery in expressing this ultra high molecular weight recombinant protein. The presence of mixed molecular weight proteins did not allow us to compare the fiber properties of the ultra high molecular weight protein with other proteins produced in this study.
It is unknown how the addition of the nonrepetitive N-and Ctermini domains found on spider silks might alter the properties found in the present study. These domains are critical in silk processing in water (26) , yet the results reported here suggest that in organic solvent this may not be the case. The roles for these domains in spider silk functions continues to be elucidated, with recent evidence in control of chain assembly driven by ionic composition, mechanical stimuli, and pH changes during transit in the glands (29) (30) (31) .
Summary. A prerequisite for the widespread application of spider silk is mass production of an artificial fiber that fully recapitulates the mechanical properties of native spider dragline silk. However, efficient production of high Mw spider silk protein has been difficult. In this paper, E. coli was metabolically engineered to overproduce recombinant spider silk proteins of up to 284.9 kDa, which is a similar size to that of natural spider silk protein, by overcoming the difficulties caused by its glycine-rich characteristics. The fibre spun with the native-sized recombinant spider silk protein showed similar mechanical properties to native spider silk, thus opening the possibility of its wide range of industrial and biomedical applications. Many other biomaterials are based on silk-like polymers such as elastin, collagen, byssus, resilin, and other repetitive proteins, which are also rich in glycine (32, 33) . The general strategy of metabolic engineering reported here should be useful for their efficient biobased production and applications.
Materials and Methods
A description of plasmids construction, inactivation of glycine cleavage system, plasmid copy number analysis, two-dimensional gel electrophoresis, gel analysis, protein identification, SDS-PAGE, protein quantification, and Western blots analysis is provided in SI Text.
Silk Protein Expression in Flask Cultivation. E. coli cells were grown at 30°C. Except HCDC, expression experiments were conducted in a 250 mL flask containing 20 mL of LB medium in a shaking incubator at 220 rpm. Cells were induced with 1 mM IPTG (Sigma) when the OD 600 reached 0.4. Samples were taken at 6 h after induction for two-dimensional gel electrophoresis, SDS-PAGE, and plasmid copy number analysis. Cells were collected and stored at −80°C for further analysis.
Production of Silk Proteins by HCDC. The HCDC of recombinant E. coli was performed in a 6.6 L jar fermentor (Bioflo 3000; New Brunswick Scientific Co.) containing 2 L of R/2 medium (34, 35) (pH 6.80) supplemented with 10 g l −1 of glucose. The dissolved oxygen concentration was kept at 40% of air saturation by automatically increasing the agitation speed up to 1,000 rpm and by changing the percentage of pure oxygen. A nutrient feeding solution was added by using the pH-stat feeding strategy (35) . The feeding solution contained 700 g l −1 glucose and 20 g l −1 MgSO 4 · 7H 2 O. The culture pH was kept at 6.80 by adding 28% (v∕v) ammonia water. When the OD 600 reached ∼60, cells were induced with 1 mM IPTG.
Purification of Recombinant Silk Proteins. The 16-, 32-, 64-, and 96-mer silk proteins were purified from HCDC of E. coli BL21(DE3) cotransformed with one of the silk expression plasmids and either pTetglyVXY or pTetgly2 (96-mer). The cells induced with 1 mM IPTG for 6 h, were harvested and suspended in buffer A (1 mM Tris-HCl, pH 8.0, 20 mM NaH 2 PO 4 ) supplemented with 8 M urea and 2 M thiourea. The cell suspension was agitated for 6 h, after that adjusted to pH 4.0 with glacial acetic acid, and incubated with magnetic agitation at room temperature for additional 2 h. After centrifugation, the supernatant was precipitated by adding ðNH 4 Þ 2 SO 4 to a final concentration of 1.32 M, and incubated with agitation for 6 h. The mixture was centrifuged and the resulting supernatant was further precipitated with ðNH 4 Þ 2 SO 4 to 2.80 M. The precipitate was solubilised in buffer A containing 8 M urea and dialyzed at room temperature first against buffer A containing 1.5 M urea for 12 h, then against buffer A for 12 h, and finally against water for 24 h. Following centrifugation, the supernatant was concentrated using an Amicon® Ultra-15 centrifugal filter unit and freeze dried (FD5508, Ilshin Lab).
Fiber Spinning and Mechanical Testing. Spin dope solutions were prepared by dissolving the lyophilized silk proteins in HFIP (Sigma). The dope solutions were extruded from a 1 mL Kovax syringe through 26 G syringe needle (Korea Vaccine Co., Ltd.) into the coagulation batch containing 90% (v∕v) methanol in water using a pump (KDS100; KD Scientific) at a speed of 1-2 ml h −1 . After spinning, the as-spun fibers were kept in the coagulation bath for 20 min and cut into 50 mm. For hand drawing, one end of each specimen was firmly fixed and the other end stretched to 5 times the original length smoothly and continuously on a scaled plate. Fibers were then dried at room temperature under tension to prevent contraction and maintain the extended length for the measurements. Prior to the test, the specimens (n ¼ 10) were conditioned at room temperature and a relative humidity of 50% for 24 h. The tensile test was carried out using a universal tensile tester (RB302 ML, R&B Inc.) with 100 g load cell. The gauge length was 20 mm and cross-head speed was 10 mm min −1 . Mechanical properties data are shown as means AE standard deviation (n ¼ 10). Statistical differences were 
